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Abstract 

The left-right twin Higgs (LRTH) model is a concrete realization of the twin 
Higgs mechanism, which predicts the existence of the top partner T. In this paper, 
we consider production of T associated with the top quark t at the high energy 
linear e'^e~ collider {ILC) and the LHC experiments, and its single production in 
future linac-ring type ep collider experiment. To compare our results with those 
of the littlest Higgs model with T-parity, we also estimate production of the T- 
even top partner via the corresponding processes in these high energy collider 
experiments. A simply phenomenological analysis is also given. 
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1. Introduction 

Although the standard model (SM) of elementary particle physics provides a very 
successful description of existing experiments at the highest energies currently accessible 
at coUiders, there is the fine tuning problem to be solved in the SM. To solve the fine 
tuning problem, many new physics models beyond the SM have been proposed. However, 
a so-called " little hierarchy problem " [1] arises in these models, once constraints from 
precision measurements are imposed. So far, there are some successful models solving 
the httle hierarchy problem, for example the MSSM with i?-parity [2], the little Higgs 
models [3], the universal extra dimensional model with KK-penitj [4], or the twin Higgs 
mechanism [5]. 

It is well known that the top loop in the SM is the largest contribution to the Higgs 
mass quadratic divergence. Thus, for the new physics models to solve the fine tuning 
problem, there must be some particles constrained by symmetry, which cancel this loop. 
All of the models mentioned above contain a heavy particle which shares the gauge quan- 
tum numbers of the top quark, generally called " top partner "[6]. This kind of new 
particles can lead to a relatively generic class of collider signals from their production and 
subsequent decay, which have been extensively studied in the literature [7, 8, 9]. 

Recently, the twin Higgs mechanism has been proposed as a solution to the little 
hierarchy problem [5]. The twin Higgs mechanism proceeds in two main steps: i) the 
SM Higgs emerges as a pscudo-Goldstone boson from a spontaneously broken global 
symmetry; ii) an additional discrete symmetry is imposed, which can make that the 
leading quadratically divergent terms cancel each other and do not contribute the Higgs 
mass. The twin Higgs mechanism can be implemented in left-right models with the 
additional discrete symmetry being identified with left-right symmetry [10, 11]. The 
left-right twin Higgs [LRTH) model contains the U{4)i x t/(4)2 global symmetry as 
well as the gauged symmetry SU{2)l x SU{2)r x U{1)b-l- After Higgs obtain vacuum 
expectation values, the global symmetry C/(4)i x C/(4)2 breaks down to C/(3)i x C/(3)2, 
and the gauge group SU{2)r x U{1)b-l breaks down to the SM U{1)y- The leading 
quadratically divergent contributions of the SM gauge bosons to the Higgs mass are 
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canceled by the loop involving the new gauge bosons, while those for the top quark can 
be canceled by the contributions from a heavy top quark called top partner. Thus, the 
LRTH model predicts the existence of the new particles, such as heavy gauge bosons, 
heavy scalars, and the top partner, which can generate rich phenomenology at present 
and in future collider experiments [11, 12, 13, 14]. 

The single and pair production of the top partners predicted by the LRTH model at 
the LHC are studied in Ref. [11]. As we know, so far, in the context of the LRTH model, 
production of the top partner associated with the top quark t has not been considered at 
the high energy linear e'^e~ collider (ILC), the linac-ring type ep collider (THERA), and 
the LHC, which is the main aim of this paper. There arc several motivations to perform 
this study. First, so far, most of works about the top partner focus on phenomenology 
analysis at the LHC. Studies about production of the top partner at ILC and THERA 
are very few. Second, the top partner predicted by different new physics models might 
generate similar signatures at the LHC. It is very difficult to differentiate each other. 
Third, as long as the top partner is not too heavy, it can be singly produced in future 
ILC and THERA experiments. These high energy collider experiments with more clear 
environment could help us to distinguish different new physics models. Thus, in this 
paper, we will completely consider single production of the top partner in these three 
kinds of the high energy collider experiments and compare the numerical results with 
each other. 

The layout of the present paper is as follows: In section 2, we briefly review the 
essential features of the LRTH model. The relevant couphngs of the top partner T to 
other particles are also given in this section. Single production of T in future ILC , 
THERA, and LHC experiments are calculated in sections 3, 4, and 5, respectively. In 
these sections, we discuss the possible signals generated by the processes e~^e~ — > tT + iT, 
ep — > UgT + X, and pp ^ tT + tT + X. To compare our results obtained in the context 
of the LRTH model with those of the littlest Higgs model with T-parity, called the 
LHT model [15], we further consider production of the T-even top partner T+ via the 
corresponding processes in these three sections. Finally, our conclusions are given in 
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section 6. 

2. The LRTH model 

The LRTH model was first proposed in Ref. [10] and the details of the model as well 
as the particle spectrum, Feynman rules, and some phenomenology analysis have been 
studied in Ref. [11]. Here we will briefly review the essential features of the model and 
focus our attention on the heavy gauge bosons and heavy top partner. 

The LRTH model is based on the global C/(4)i x C/(4)2 symmetry with a locally 
gauged subgroup SU{2)l x SU{2)ji x U{1)b-l- Two Higgs fields, H = {Hl,Hr) and 
H = {Hl, Hr), are introduced and each transforms as (4, 1) and (1, 4) respectively under 
the global symmetry. Hl,r {Hl,r) arc two component objects which are charged under 
SU{2)l and SU{2)ji, respectively. For the gauge couplings g2L and g2R of SU{2)l and 
SU{2)r, the left-right symmetry implies that g2L — g2R — 92- 

The C/(4)i ([7(4)2) group is spontaneously broken down to its subgroup C/(3)i ([7(8)2) 
with non-zero vacuum expectation value (VEV) < > = (0, 0, 0, /) {< H > = (0, 0, 
0, /)). The Higgs VEVs also break SU{2)r x U{1)b^l down to the SM U{1)y. After 
spontaneous global symmetry breaking by / and /, three Goldstone bosons are eaten 
by the new gauge bosons and Zh- After the electroweak symmetry breaking, the 
three additional Goldstone bosons are eaten by the SM gauge bosons and Z. In the 
LRTH model, the masses of the heavy gauge bosons can be written as: 

M^, = ^^2(f + f COS^^), (1) 

M|, = ^^(M^«+M^)-M|, (2) 

where x — v/\/2f. gi and g2 {— g2L — 92r) are the gauge coupling constants of the 
U{1)b-l and SU{2)l^r, respectively, which can be written as: 

6 6 

9i = / r,a ' 92 = (3) 
Vcos 20w ow 

Where Sw = sin 6w and 6w is the Weinberg angle. 

The fermion sector of the LRTH model is similar to that of the SM, with the right 
handed quarks {ur, dR) and leptons {Ir, vr) form fundamental representations of SU {2)r. 



In order to give the top quark mass of the order of the electroweak scale, a pair of vector- 
hke quarks Ql and Qr are introduced. The mass eigenstates, which contain one the SM 
top quark t and a heavy top partner T, are mixtures of the gauge eigenstates. Their 
masses are given by 

^2 ^ 1 (M^ + y^f -Nt), M^^^{M' + y'f + Nt), (4) 

where Nt — {y^P + M'^Y — y^f^ sin^ 2x. Provided Mt < f and that the parameter y 
is of order one, the top Yukawa couphng will also be of order one. The parameter M is 
essential to the mixing between the SM top quark and its partner. At the leading order 
of 1//, the mixing angles can be written as: 

M M 
5*1, = sina^ ~ — — sinx, = sinan ~ — — (1 + sin x). (5) 

Mt Mt 

The left (right) coupling constants of the gauge bosons and the top partner T to other 
particles, which are related our calculation, can be written as: 

cClSl 



2CwSw' 2PCI^ 



w 



iJL — Q ^ iJR — 1 \' ) 



ZntT _ eCiSiSw ZntT _ eCRSRCw 

~ 2CwVcosW^' ~ 2Sw^/cos29w' 



gZne+e- ^ ^eS*^ ^Z^e+e" ^ e(l -3cOs29w) 



9ir«"=^. <,S"-=^. (11) 



WheTeCl=l-SlC], = l-Sl 
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According the symmetry breaking pattern discussed above, with certain reparametriza- 
tion of the fields, there are left with four scalars in the LRTH spectrum that couple to 
both the fermion sector and the gauge boson sector. They are one neutral pseudo scalar 
0°, a pair of charged scalars (j)"^, and the SM physical Higgs h. In addition, there is an 
SU{2)l doublet h = {hi,h2) that couples to the gauge boson sector only. It has been 
shown that the lightest particle in h, typically one of the neutral components, is stable, 
and therefore constitutes a good dark matter candidate [14]. Thus, the top quark t and 
its partner T can couple to some of these scalars: 

htt:--^^^^^^, hTf:^^{SnSL-C,Cnx); (12) 
2bw rnw v2 



: -^SrSl, (tPTf : -^ClCr- (13) 



hft : -^[{ClSr + SlCrx)Pl + {ClSrx + SlCr)Pr]; (14) 



/Tt : -^[Sj^CrPl - ClSrPr], cp+fh : y [C^mbPi - vClIPr]. (15) 

Thus, the possible decay modes of the top partner T are 0+6, W^h, th, tZ, and t0°, which 
arc extensively studied in Ref. [11]. 

In the following sections, we will use the above Feynman rules to calculate the single 
production cross sections of the top partner T and discuss its possible signals at the ILC, 
THERA, and LHC experiments. 

3. Production of the top partner T associated with the top quark t at the ILC 

From the above discussions, we can see that production of the top partner T associated 
with the top quark t via e+e" collision proceeds through the ^'-channel Z exchange and 
Zff exchange as shown in Fig.l. Using Eqs.(6)-(9), the production cross section ai can 
be written as: 



3^{S + M| - m?)2 - 45M| ((5fe+e-)2 + (^f -e-)2)((^ZtT)2 + ^gZtfy^ 



^^(^) = -^-3^ -{[ 



Stts^ 2(s - MlY 



2{s-Ml^f 

^Ze+e- ^Zue+e- . „Ze+e- „Zh 



{s-Ml){s-MlJ 



+ 
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+ [ 



9r9r{i9m' + {9rn') , gr'^gi-'^iigi--"'-? + {9'r"'~?) 



[s-MlY 



+ (.-M|)(.-M|J ^^^^ 

Where a/s is the center-of-mass (cm.) energy of the ILC . 




Figure 1: Feynman diagrams for the process e+e — > tT in the LRTH modeL 



From the above expression, we can see that, except for the SM input parameters 
ae = 1/128.8, = 0.2315, = 172.5 GeV, and Mz = 91.187 GeV [16], the production 
cross section ai for the top partner T at the ILC is dependent on the model dependent 
parameters /, /, M, and (or y). Once / is fixed, the scalar VEV f can be determined 
by minimizing the Coleman — Weinberg {CW) potential for the SM Higgs boson and 
requiring that the SM Higgs boson obtains an electroweak symmetry breaking VEV of 
246 CeV [11]. The top Yukawa coupling constant y can be determined by fitting the 
experimental value of the top mass m^. The free parameters / and M are constrained by 
the precision measurements. In our numerical estimation below, we will assume M < 300 
GeV and / < 1500 GeV. 

Our numerical results are summarized in Fig.2, in which we plot function 
of the VEV value / for the a.m. energy ^/s = 2 TeV and three values of the mixing 
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parameter M. One can see from Fig. 2 that the cross section af is very sensitive to the 
parameters / and M. When M inchnes to zero, its value goes to zero. This is because 
M = leads no-mixing between the SM top and its partner, the ZtT and ZntT couplings 
equal to zero. For M = 200 GeV and 500 GeV < f < 1200 GeV, the value of is in the 
range of 9.4 fb ~ 4.6 x 10~^ fb, which can generate several and up to hundreds tT + tT 
events per year at the ILC with a yearly integrated luminosity £ = 100 fb~^. 




Figure 2: The production cross sections af as a function of the V EV value / for the 
cm. energy ^/s = 2 TeV and three values of the mixing parameter M. We 
have taken into account both T and T quarks. 

In wide range of the parameter space of the LRTH model, the possible decay modes 
of the top partner T are ^^fo, ht, Zt, Wb, and t(f)^. It has been shown that, for M = 150 
GeV and 500 GeV < f < 1500 GeV, the branching ratio Br(T (p'^b) is larger than 
70% and the values for other branching ratios are smaller than 10% [11]. Furthermore, 
for M > 10 MeV, there is Br{(j)'^ —>■ £b)c:=^ 100%. Thus, the dominate decay mode 0+6 
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makes the process e^e^ tT + iT mainly transfers to the final state tthb. For example, 
for M = 200 GeV , y/s = 2 TeV, and / = 500 GeV , the production cross section of the 
final state tibb can reach 7 fb. There are two kinds of the main backgrounds for this kind 
of final state. The first kind is the large QCD backgrounds, which primarily come from 
the process e"'"e^ tig* with the gluon decaying to a bb pair. The second kind is the 
electroweak backgrounds, of which the dominant contributions induced by the process 
e^e~ — s> Ztt with the gauge boson Z decaying to a bb pair. Considering the leptonic, 
semileptonic and fully hadronic decays of the ti system, the main background processes 
e^e^ tig* and e~^e~ tiZ have been extensively studied in the literature [17, 18]. 
According their conclusions, we have to say that it is very difficult to discriminate the 
signals generated by the final state tibb from the backgrounds. 



3.0 




f (GeV) 



Figure 3: The production cross section function of the scale parameter / for 

the cm. energy y/s = 2 TeV and two values of the mixing parameter x^. We 
have taken into account both T+ and T+ quarks. 
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The second important decay channel of the top partner T is T ^ W^b. However, 
it is more difficult to separate the signals generated by the process e'^e~ — > tT + tT 
with T — > W^b from the large background coming from the SM process e+e~ — > tt. 
Certainly, the reconstrution of the heavy top partner T through the combination of Wb 
may help to distinguish the signals from the backgrounds. The signals induced by the 
decay channels T th, tZ, and t(pQ, with h ^ bb, Z ^ bb, and 4>o bb can give rise to 
similar signals with those of the decay channel T — > 0+6. However, because of the very 
small branching ratios, their production rates are much smaller than that of the process 
e+e- -^tf + iT^ ttbb. 

The littlest Higgs model with T-parity, called the LHT model [15], also predicts the 
existence of the top partner T+, which is T-even and can also be produced in association 
with the top quark t via e'^e" collision. The Feynman diagram is similar with Fig.l. 
However, the T-odd gauge boson Zh can not contribute the process e+e~ — > + tT. 
Our numerical results are given in Fig. 3, in which we have plotted the production cross 
section crf'^ as a function of the scale parameter / for ^/s = 2 TeV and two values of 
the free parameter xl. One can see from Fig.3 that, in most of the parameter space, the 
value of the cross section crf^ is smaller than that of the cross section crf^. 

The top partner T+ can decay into W^b, Ht, Zt, and Bnt-, in which i_ is the T- 
odd top partner and Bh is the T-odd gauge boson. The branching ratios of these decay 
modes have been estimated in Ref.[19]. The former three decay modes can produce the 
similar signals to those of the top partner T predicted by the LRTH model. However, 
their production rates are smaller than the corresponding production rates in the LRTH 
model. In most of the parameter space of the LHT model, the T-odd top partner t- 
mainly decays into tBn and there arc Br{t^ But) ~ 100% [19]. If wc assume that 
T-parity is strictly conserved, the lightest T-odd gauge boson B^ can be seen as an 
attractive dark matter candidate [20]. Than the Bnt- decay mode can give rise to the 
distinctive state of tt plus large missing energy. The large transverse missing energy can 
be used to distinguish the signal from the large SM background e+e~ tt. However, 
its production rate is too small to be detected in the future ILC experiments. Thus, the 
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possible signatures of top partner predicted by the LHT model or the LRTH model all 
can not be detected via the process e'^e" ^ tT + iT in the future ILC experiments. 
4. Single production of the top partner T at future ep collider 

Although the linac-ring type ep collider [THERA) with the cm. energy ^/s = 3.7 
TeV and the integral luminosity £ = 100 pb^^, which is named Energy Frontier ep collider, 
has a lower luminosity, it can provide better conditions for studying a lot of phenomena 
comparing to the ILC due to the high center-of-mass energy and to the LHC due to 
more clear environment [21]. Thus, it is very interesting to consider production of the 
new heavy particles at the THERA. 

From the discussions given in section 2, we can see that the top partner T can be singly 
produced via the process ep —>■ eb+X — > u^T+X at the THERA. The relevant Feynman 
diagrams are shown in Fig. 4. For the subprocess e(Pe) + b{Pb) T{Pt) + UeiPu), we 
define kinematical invariants s = {Pe + PbY = {Pt + PvY t = {Pt — PbY- The 
differential cross section is given by 




Figure 4: In the LRTH model, the Feynman diagrams for the subprocess eb VeT. 

After calculating the cross section (3"2(s) contributed by the t-channel W exchange and 
Wh exchange, the effective production cross section a2{s) can be folding o"2(s) with the 
bottom-quark distribution function fb{x) in the proton 

0-2(5)=/" fb{x, fXF)(72is)dx (18) 
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with Xmin = Mi^/s and s = xs. In our numerical calculation, we will use CTEQ6L parton 
distribution function [22] for fb{x,fiF) and assume that the factorization scale fip is of 
order V^. 




f(GeV) f(GeV) 

(a) (b) 
Figure 5: The effective cross sections (J2 of the subprocess eb UeT for the LRTH 
model(Fig.5a) and the LHT model(Fig.5b). 



In Fig. 5a we plot the cross section for single production of the top partner T at 
the THERA with ^/s = 3.7 TeV as a function of the scale parameter / for three values 
of the mixing parameter M. To compare single production of T at the THERA with that 
of the T-even top partner T+ predicted by the LHT model, ^ is shown in Fig. 5b as a 
function of the scale parameter / for the mixing parameter xl = 0.5 and 0.8. One can see 
from Fig. 5 that the single production cross section of the top partner at the THERA is 
larger than that at the ILC. The cross section is not sensitive to the free parameter 
Xl and its value is in the range of 47.9 fb ~ 0.19 fb for xl = 0.8 and 500 GeV < f < 1000 
GeV. For 100 GeV < M < 300 GeV and 500 GeV < f < 1000 GeV, the value of a^^ 
is in the range of 72.7 /6 ~ 0.1 fb. Thus, in most of the parameter space, cr^^ is larger 
than a^^. 

For the dominating decay mode (p^b of the top partner T, its single production can 

12 



30 




I 1 I I I 1 I 1 I 1 I 1 I ■ I I I I I I 

500 600 700 800 900 1000 

f (GeV) 

Figure 6: The production rate of the Vetbb final state as a function of the parameter / for 
the mixing parameter M = IbOGeV. 

give rise to the Uetbb final state, which is almost free of the SM background [23]. For the 
decay modes th, tZ, and t(/)o, if we assume that there are h ^ bb, Z ^ bb, and 4>q bb, 
the process ep v^T + X can also generate z/et66 final state. The production rate of the 
feibb final state can be easily estimated cr* ~ (72 x [Br{T (f)~^b) x Br{(f)'^ tb) +Br{T — > 
th) X Br(h bb) + Br(T tZ) x Br(Z bb) + Br(T tcf)^) x Sr(0° ^ bb)]. The 
numerical results are shown in Fig. 6. One can see from this figure that, with reasonable 
values of the free parameters of the LRTH model, the production rate can reach 27/6. It 
is obvious that, for the decay channel T — >■ W^b, the mainly background of the process 
ep — > VeT + X comes from the SM process ep — > v^i + X, which has been extensively 
studied in Ref . [24] . The production rate of this kind of signal is too small to be separated 
from the large background. 

For the T-even top partner T+ predicted by the LHT model, the decay modes W^b 
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and Bnt make the process ep — >■ 1^6^+ generate the final state i + X. Its dominating 
background is also the SM process ep z/gt + X. In wide range of the parameter space 
of the LHT model, there are Bri^Zn —>■ BhH) ~ 1. In the case of H ^ bb, the decay 
modes Ht and Z^jt can give rise to similar signal to those of the decay modes (p'^b, th, tZ 
of the top partner T. However, its production rate is much smaller than that generated 
by the LRTH model. Thus, the possible signatures of the top partner T predicted by 
the LRTH model might be detected via the process ep v^T + X — Veibb + X at 
the THERA, while it is not this case for the T-even top partner r+ predicted the LHT 
model. 

5. Production of the top partner T associated with the top quark t at the 

LHC 




Figure 7: In the LRTH model, the Feynman diagrams for production of the top partner 
T associated with the top quark t at the LHC. 

The LHC will soon go into full operation and provide proton-proton collisions at a 
cm. energy y/s = 14 TeV. There are strong theoretical reasons to expect that the LHC 
will discover new physics beyond the SM up to TeV. At the LHC, the top partner 
can be pair-produced via QCD interactions and can be produced associated with a jet 
mediated by the SM gauge bosons, which have been extensively studied in the literature 

14 



[7, 9, 11, 25]. The top partner T can also be produced associated with the top quark t 
via the gluon fusion with neutral scalar exchanges and quark antiquark annihilation with 
the gauge boson exchanges. In the LRTH model, the Feynman diagrams for this kind 
of production processes are shown in Fig. 7. 




500 600 700 800 900 1000 1100 1200 1300 1400 1500 500 600 700 800 900 1000 1100 1200 1300 1400 1500 

f(GeV) f(GeV) 

(a) (b) 
Figure 8: The hadronic cross sections (J3 for the subprocess gg ^ tT + iT as function of 
the parameter / in the LRTH model (a) and the LHT model (b). 



Similar with sections 3 and 4, using the relevant Feynman rules we can easily give the 
expressions of the parton level cross sections for the subprocesses qq ^ tT + iT (g = u, 
c, d, and s) and bb tT + iT. For the gluon-induced production of the top partner 
as shown in Fig. 7a, we first obtain the effective couplings hgg and (p^gg induced by the 
fermion loop, which have been extensively studied in the literature [26], then the parton 
level cross section gg —>■ tT + iT can be easily calculated. It is well known that the 
hadronic cross section can be obtained by folding the parton level cross section with the 
PDFs in the proton. Our numerical results are summarized in Fig.8 and Fig. 9, in which 
Fig. 8 and Fig.9 correspond to the subprocesses gg ^ tT + iT and qq ^ tT + iT (g = u, 
c, d, s, and b), respectively. The T-even top partner T+ predicted by the LHT model can 
also be produced in association with the top quark t at the LHC. The relevant Feynman 
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(a) (b) 
Figure 9: The hadronic cross sections (74 for the subprocesses qq ^ tT + tT(a) and 
bb tT + iT{h) as a function of the parameter / for three values of the mixing 
parameter M. 



diagrams are similar with those of Fig. 7. However, the new scalars and new gauge bosons 
predicted by the LHT model are T-odd, which have no contributions to the subprocesses 
gg ^ tT + tT and qq ^ tT + tT. Thus, its production cross section induced by the 
gluon fusion mechanism is smaller than that of the top partner T as shown in Fig. 8b. In 
most of the parameter space of the LHT model, the value of the hadronic cross section 
induced by the subprocess qq — > tT + tT is smaller than 5 x 10^^ fb, so the relevant curve 
lines are not shown in Fig.9. One can see from these figures that, in the LRTH model, 
the hadronic cross section from the subprocess qq tT + iT is larger than that from 
the subprocess gg —>■ tT + iT, while the contributions of the subprocess bb —>■ tT + tT to 
the hadronic cross section should not be neglected. For 100 GeV < M < 300 GeV and 
500 GeV < / < 1500 GeV , the value of the total hadronic cross section is in the range 
of 177.6 fb ~ 0.013 fb. If we assume the yearly integrated luminosity £int = 100 fb~^ 
for the LHC with the cm. energy ^/s = 14 TeV, then there will be several up to ten 
thousands of the tT + iT events to be generated per year. 
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Figure 10: In the LRTH model, production rate for the ttbb final state as a function of 
the parameter / for three values of the mixing parameter M. 



From the discussions given in section 3, the decay modes (f)~^b, ht, Zt, and (f)^t of the 
top partner T with h ^ bb, Z ^ bb and 0° bb can make the process pp ^ tT + iT + X 
give rise to the ttbb final state. Its production rate is plotted in Fig. 10 as a function of 
the parameter / for three values of the mixing parameter M. One can see that, with 
reasonable values of the free parameters, the production rate can be larger than 100/6. 
However, its value decreases quickly as the parameter / increasing. The main backgrounds 
for the ttbb final state come from the SM processes PP ttZ + X and PP tth + X 
with Z ^ bb and h bb, continuum ttbb production, and the reducible background 
ti + jets, in which the additional jets light quarks or gluons but may be misidentified as 
b quarks. Detailed analysis of the signals and the relevant backgrounds have been given 
in Ref. [27]. They have shown that the most large background tt + jets can be suppressed 
by enhancing the detector ability to tag b quark jets. Furthermore, It may be help to 
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distinguish the ttbb final state from the second large background coming from the process 
PP — > tih + X hy calculating the invariant mass of the tbb state generated by the top 
partner T decaying. Thus, it may be possible to extract the signals from the backgrounds 
by applying suitable cuts. Certainly, detailed confirmation of the observability of the 
signals generated by the process pp tT+tT+X, would require Monte-Carlo simulations 
of the signals and backgrounds, which is beyond the scope of this paper. It is obvious 
that it is more difficult to separate the signals generated by the process pp ^ tT + tT + X 
with T — > W^b from the large background coming from the SM process pp ^ tt + X. 
Certainly, the reconstrution of the heavy top partner T through the combination of Wb 
may help to distinguish the signals from the backgrounds. 
6. Conclusions 

The twin Higgs mechanism provides an alternative method to solve the little hierarchy 
problem. The LRTH model is a concrete realization of the twin Higgs mechanism, which 
predicts the existence of the top partner T. In this paper, we consider production of T 
associated with the top quark t in future ILC and LHC experiments, and its single 
production in future THERA experiments. To compare our results obtained in the 
context of the LRTH model with those of the LHT model, we also estimate production 
of the T-even top prater T+ via the corresponding processes in these high energy collider 
experiments. From our numerical results, we can obtain the following conclusions. 

i) In most of the parameter space, the production cross sections of the top partner 
T are larger than those of the T-even top partner T+ in these three kinds of collider 
experiments. However, all of their values decrease quickly as the parameter / increasing. 

ii) In the context of the LHT model, the production cross section of the process 
pp ^ tT + tT + X is larger than that of the process e+e" tT + iT or the process 
ep u^T + X. For 100 GeV < M < 300 GeV and 500 GeV < f < 1500 GeV, the value 
of the production cross section for the process pp ^ tT + tT + X is in the range of 177.6 
fb ~ 0.013 fb. 

iii) The decay modes of the top partner th,tZ, and t(f>o, with h ^ bb, Z ^ bb, and 
00 bb can give rise to similar signals with those of the decay modes (p^b. They can 
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produce the Ugibb and ttbb final states in the THERA and LHC experiments, respectively. 
Although the production rate of the Uetbb final state is smaller than that of the ttbb final 
state, the Uetbb final state is more easy detected because of it almost free of the SM 
backgrounds [23]. Considering the very large backgrounds, the decay channel T W'^b 
can not be used to detecting the possible signals of the top partner T in future high energy 
collider experiments. 
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